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(57) ABSTRACT

Methods and systems for processing data for medical imag-
ing are disclosed. The method includes obtaining a set of
continuous bed motion (CBM) data from a first imaging
modality. The set of CBM data includes a plurality of gating
signals. A CBM normalization matrix is calculated. The
CBM normalization matrix calculation includes the plurality
of gating signals. An image is reconstructed from the CBM
data and the CBM normalization matrix. The first imaging
modality can be a PET imaging device.
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1
METHOD TO COMPENSATE GATING
EFFECTS ON IMAGE UNIFORMITY AND
QUANTIFICATION FOR PET SCAN WITH
CONTINUOUS BED MOTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119(e)
from U.S. Provisional Application Ser. No. 61/980,129, filed
on Apr. 16, 2014, the entirety of which is incorporated by
reference herein.

FIELD

Aspects of the present disclosure relate in general to pro-
cessing data for medical imaging, and more particularly to
techniques for compensating gating effects on image unifor-
mity and quantifications for imaging scans with continuous
bed motion.

BACKGROUND

Positron emission tomography (PET) scanning employs a
gamma-emitting radiopharmaceutical ingested by a patient or
injected into a patient. Multiple gamma ray images are taken
in multiple directions to generate a 3-dimensional PET image
and/or multiple slices of a PET image. PET scanning gener-
ally provides useful information regarding the functional
condition of the body tissues and systems such as the cardio-
vascular system, respiratory system, and/or other systems.
PET scanning is useful for indicating the presence of soft
tissue tumors or decreased blood flow to certain organs or
areas of the body. During operating, image quality of a PET
scan can be affected by motion during imaging, for example,
respiratory and/or cardiovascular motion. Imaging artifacts
may be generated during acquisition because of body motion.
PET scans can require a relatively long duration data acqui-
sition period, on the order of several minutes (e.g., about 30
minutes per image) for a typical clinically sufficient image.
Typically, a large number of PET data acquisitions (e.g.,
frames) are acquired at multiple bed positions during the
imaging period. Consequently, patient movement is a prob-
lem in PET scanning.

PET scanning has a limited field of view (FOV) and cannot
capture whole body images. In conventional systems, in order
to perform whole body imaging, multiple PET images are
captured at multiple positions with respect to a patient (e.g.,
beds). The multiple images are obtained by a “step and shoot™
method. FIG. 1 illustrates one embodiment of a step and shoot
PET scan. In the step and shoot method, the PET scanner 100
is positioned at multiple, discrete bed locations and an image
is obtained at each bed. The counts of each line of response
(LOR) 1044, 1045 in the obtained sinogram are an integration
of signals over a single crystal pair 106a, 1065. Different
LORs 1044, 1045 see the same gating windows. The multiple
images are stitched together to form a single, whole body
image. A gating profile may be used to reduce image blur
because of movement.

Recent systems have employed a continuous bed motion
(CBM) method to obtain whole body images. FIG. 1 further
illustrates one embodiment of a CBM PET scan. In CBM
systems, the PET scanner 100 is moved from a start position,
for example, at the head of a patient, to an end position, for
example, the feet of a patient, at a constant rate. PET data is
collected continuously from the start position to the end posi-
tion. CBM data acquisition is more natural for patient whole
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body scan and provides more flexibility in data processing.
However, CBM data acquisition complicates normalization
for cardiac/respiratory gating protocols, which are commonly
used to reduce motion artifacts in PET scans. In CBM scan-
ning, counts are established for virtual LORs 110a,1105. The
count for each virtual LOR is an integration of multiple real
LORs 1044, 1045. Each virtual LOR 110a, 1105 receives
contributions from different gating windows, complicating
normalization.

If gating effects are not accounted for properly, image
non-uniformity and wrong quantification will occur. For step
and shoot scans, counts acquired on LORs can be regarded as
integrations of counts on the same crystal pair over time.
Gating windows will act on LORs of all sinogram planes
simultaneously. In CBM scans, data corresponding to virtual
LORs 1104, 11056 of a sinogram chunk are integrations of
counts acquired by spatially distant detector pairs. Different
virtual LORs 110a, 11056 in a sinogram chunk will have
contributions from counts detected in different sets of gating
windows. Simple scaling methods, as used in step and shoot
scans, do not properly account for gating effects on recon-
structions of CBM sinograms.

SUMMARY

In various embodiments, a method for processing data for
medical imaging is disclosed. The method comprises obtain-
ing a set of continuous bed motion (CBM) data from a first
imaging modality. The set of CBM data includes a plurality of
gating signals. A CBM normalization matrix is calculated
using the plurality of gating signals. An image is recon-
structed from the CBM data and the CBM normalization
matrix.

In various embodiments, a non-transitory computer read-
able medium storing instructions is disclosed. The instruc-
tions are configured to cause a computer system to execute the
steps of obtaining a set of continuous bed motion (CBM) data
including a plurality of gating signals, calculating a CBM
normalization matrix using the plurality of gating signals, and
reconstructing an image from the CBM data and the CBM
normalization matrix. The set of continuous bed motion data
is obtained by a first imaging modality of an imaging system.

Invarious embodiments, a system is disclosed. The system
comprises a first imaging modality and a computer. The com-
puter is configured to receive a set of continuous bed motion
(CBM) data including a plurality of gating signals from the
first imaging modality, calculate a CBM normalization
matrix using the plurality of gating signals, and reconstruct an
image from the CBM data and the CBM normalization
matrix.

BRIEF DESCRIPTION OF THE DRAWINGS

The following will be apparent from elements of the fig-
ures, which are provided for illustrative purposes and are not
necessarily to scale.

FIG. 1A illustrates one embodiment of a step-and-shoot
scanning system.

FIG. 1B illustrates one embodiment of a CBM scanning
system.

FIG. 2 illustrates one embodiment of an imaging system.

FIG. 3A illustrates one embodiment of a cardiac gating
profile.

FIG. 3B illustrates one embodiment of a respiratory gating
profile.

FIG. 3C illustrates one embodiment of a stitched chest
gating profile.



US 9,262,844 B2

3

FIG. 4 illustrates one embodiment of a PET imaging appa-
ratus positioned with respect to a patient on a patient bed.

FIGS. 5A-5D illustrate various embodiments of an inter-
section between a gating window and a timing window.

FIG. 6 illustrates one embodiment of a method for gated
reconstruction of CBM imaging data.

FIG. 7 illustrates one embodiment of a method for gener-
ating a CBM normalization matrix used in the gated recon-
struction method of FIG. 6.

FIG. 8A illustrates one embodiment of a static recon-
structed image utilizing 100% of counts obtained in the CBM
imaging data.

FIG. 8B illustrates one embodiment of a gated image con-
structed according to the methods herein.

FIG. 8C is a chart illustrating one embodiment of axial line
profiles for the static reconstructed image of FIG. 8 A and the
gated reconstructed image of FIG. 8B.

FIG. 9 illustrates one embodiment of a computer system
configured to implement one or more steps of the methods
described herein.

DETAILED DESCRIPTION

This description of the exemplary embodiments is
intended to be read in connection with the accompanying
drawings, which are to be considered part of the entire written
description.

Various embodiments of the present disclosure address the
foregoing challenges associated with continuous bed motion
imaging, e.g., by leveraging the technique of gating in new
ways with intelligent processing of gate data.

FIG. 2 illustrates one embodiment of an imaging apparatus
200. The imaging apparatus 200 is configured for one or more
imaging modalities, such as, for example, PET imaging,
either alone and/or in combination with one or more addi-
tional imaging modalities. The imaging apparatus 200
includes a scanner for at least a first imaging modality 212
provided ina gantry 216a. In some embodiments, the imaging
apparatus 200 includes a scanner for atleast a second imaging
modality 214 provided in a second gantry 2165. In various
embodiments, the first imaging modality 212 is a PET imag-
ing modality. The second imaging modality 214 may com-
prise any suitable imaging modality, such as, for example,
Computed Tomography (CT), Magnetic Resonance (MR),
single photon emission computed tomography (SPECT),
and/or any other suitable secondary imaging modality. A
patient 217 lies on a movable patient bed 218 that may be
movable between a first position and a second position. Alter-
natively, in some embodiments, the patient bed 218 is station-
ary and at least the first gantry 216a is moveable.

Scan data from at least the first imaging modality 212 is
stored at one or more computer databases 240 and processed
by one or more computer processors 250 of a computer 230.
The graphical depiction of computer 230 in FIG. 2 is provided
by way of illustration only, and computer 230 may include
one or more separate computing devices. In some embodi-
ments, the computer 230 is configured to generate a whole
body image from a PET data set acquired by the first imaging
modality 212. The PET data set comprises CBM PET data. In
some embodiments, the CBM PET data is provided to the
computer 230 from memory coupled to the computer 230.

In some embodiments, gating of the CBM data is per-
formed based on acquired physiological signals to determine
gate locations (in time) and a width (in time duration) for the
gates. Any gating algorithm known in the art can be used for
this purpose. Gate width (the time duration of a gate) of
respective gates in a cycle may be constant or may vary, e.g.,
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depending on the gating algorithm that is used and the con-
straints of the imaging modality.

In some embodiments, the PET imaging modality 212 has
a predetermined FOV. The FOV determines a width of an
image obtainable by the PET imaging modality 212. In some
embodiments, the FOV of the PET imaging modality 212 is
insufficient to capture a whole body image in a single posi-
tion. For example, in some embodiments, the FOV ofthe PET
imaging modality 212 may be about 25 cm, about 16 cm,
and/or any other suitable PET imaging FOV. In order to
capture a whole body image, the imaging apparatus 200
applies a CBM scanning method. The imaging apparatus 200
moves the patient bed 218 from a first, or start, position to a
second, or end, position. In some embodiments, the patient
bed 218 moves at a constant speed. The PET imaging modal-
ity 212 captures a PET data from a fixed position as the patient
bed 218 is moved beneath the PET imaging modality 212.

The computer 230 generates a set of virtual LORs from the
CBM PET data. Each count of the virtual LORs of a sinogram
is an integration of counts acquired on real LORs that slide
through the virtual LORs during CBM imaging. In some
embodiments, different virtual LORs in a CBM sinogram will
have different gating windows. Because different virtual
LORs may have different gating windows, a simple scaling
factor does not account for gating effects on reconstructions.

In order to compensate for gating effects on image unifor-
mity and quantification, gating signals are recorded simulta-
neously with the CBM PET data. The gating signals allow the
CBM PET data to be filtered such that only portions of the
data captured during specific phases of the gate cycle are used
to generate an image. For example, in some embodiments, the
CBM PET data is filtered such that only data acquired at a
maximum and/or a minimum of the cycle is used to generate
an image.

FIGS. 3A-3C illustrate potential gating scenarios that can
be implemented by the imaging system 200. FIG. 3A illus-
trates one embodiment of a cardiac gating profile 300a. The
cardiac gating profile 300q includes a plurality of gates 302 a
regularly spaced. FIG. 3B illustrates one embodiment of a
respiratory gating profile 3005. The respiratory gating profile
3005 includes a plurality of gates 3025 irregularly spaced.
Although the respiratory gating profile 3005 includes a regu-
lar respiratory waveform 304, it will be recognized that res-
piratory waveforms may be irregular waveforms. In some
embodiments, gating is limited only to portions of the body
commonly subject to motion during scans. For example, FIG.
3C illustrates one embodiment of a stitched chest gating
profile 300c¢ having gating only over the chest and abdomen to
correct for a respiratory waveform 304. As shown in FIG. 3C,
gating 302c¢ is applied during the portion of the scan 306
corresponding to the chest and abdomen of a patient.

FIG. 4 illustrates one embodiment of a PET imaging sys-
tem 400 including a PET gantry 416 positioned with respect
to a patient 417 on a patient bed 418. In some embodiments,
the gantry 416 moves continuously from an initial position
from z,,,,, 10 an end position 7., ;. In some embodiments, the
gantry 416 is stationary and the patient bed 418 moves con-
tinuously through the gantry from the initial position z,,,, to
the end position z_,,. In some embodiments, z_,,, corre-
sponds to the head of the patient bed 418 and z,,, ,corresponds
to a foot of the patient bed 418. In some embodiments, z,,,,
and/or 7, , may correspond to any relative position of the
patient bed 418 with respect to the gantry 416. The gantry 416
moves in increments of Az. In some embodiments, Az is the
slice thickness for a reconstruction grid. The bed 418 moves
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at a speed of v(z,,) at position z,,. The time, T, for the gantry
416 to move from position z,,,,, to position z,, can be repre-
sented by the equation:

m

>

=
Z =Zstart

Az
w(z')

wherein v(z') is the speed of the gantry 416 at position z'. The
time window during which the bed moves from position z,,, to
position z,,,, (e.g., moves by one slice thickness) can be
calculated as:

Zm

=

=
Z =Zstart

Az Az Az
v(z)’ Z,Z @) T Ve

=ista

In some embodiments, the time in the time window t,, that
the gantry 416 acquires data can be calculated by the equa-
tion:

nl
Z & MNin
=

where g, is a gating window of the CBM data. The intersection
between t,, and g, determines the time in t,, that the scanner
acquires data. FIGS. 5A-5D illustrate various embodiments
of a gating window intersecting a time window t,. In the
illustrated embodiments, the time window t,, is defined as
[t,,t,] and the gating window is defined as [g,.g,]. FIG. SA
illustrates an embodiment in which the gating window 502a
start time g is earlier than the time window 504a start time t;
and the gating window 502a end time g, is earlier than the
time window 5044 end time t,. FIG. 5B illustrates an embodi-
ment in which the gating window 5025 start time g is later
than the time window 5045 start time t, and the gating window
502b end time g, is earlier than the time window 5045 end
timet,. FIG. 5C illustrates an embodiment in which the gating
window 502¢ start time g is later than the time window 504¢
start time t, and the gating window 502¢ end time g, is later
than the time window 504¢ end timet,. F1G. 5D illustrates an
embodiment in which the gating window 5024 start time g_ is
earlier than the time window 5044 start time t, and the gating
window 5024 end time g, is later than the time window 5044
end time t,. The four embodiments shown in FIGS. 5A-5D
can be represented as:

8e =15, 8s <Is, 8e <Ie¢

e = 8sr Is < &s» 8e <le

Ie = 8so Is < 850 Ie < &e

Tp =I5y & <Isy Ie < &e
0 otherwise

The imaging system 400 iterates between each gating win-
dow 502a-502d to calculate the time that the gantry 416
acquires data.

In some embodiments, a plurality of gating windows g,
(i=0 . .., n-1) are selected, where n is the total number of
gating windows in the CBM data. The slice index in a scanner
sinogram segment can be represented by z., and the slice
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index in a CBM sinogram segment can be represented by
Z_,»- Lhe efficiency of each virtual LOR can be calculated
according to the equation:

Ecom 0 0, Zebm > Zstarts Zend) =

Zend.

n—1
In2
Z gl t(m)]smnm(p, 0, %, 7)€ X 8(Zm + Zs, Zobm)
=0

Zm=Zstart

where €,_,,....(0,0,Z:,7Z,,) represent efficiency of a virtual
LOR defined by (p,0,z,) when the scanner is at position z,,,.
The scanner efficiency €,.,,,... (0,0,Z.,2,,) accounts for geo-
metrical components, crystal efficiency, crystal interference
pattern, and detector dead time effects. The function 6(z,,+z,,
Z_;,») maps the real LORs in scanner space to the virtual LORs
in the CBM space. The equation

In2
e 17

accounts for the decay correction with respect to the time
when the gantry 416 is at the initial position z where A is
the isotope half-life.

After €_,,,(0,9,Z,1,1:Z o0 Zong) 15 calculated, the normal-
ization matrix N(P,0,Z.p,ZsareZeng) 18 calculated as the
inverse of €_, . (0,0,Z_;,1:Zc;0reZond)"

stare

NP:OZcomrZetare? end V€ com(POZ constaroZend)

The normalization matrix N can be used to reconstruct one or
more images from the CBM PET data, such as, for example,
by using the normalization matrix in an ordinary Poisson
ordered subset expectation-maximization (OP-OSEM) equa-
tion.

FIG. 6 illustrates one embodiment of'a method 600 of gated
reconstruction for CBM data. The method 600 may be
executed by any suitable system, such as, for example, the
computer system 230 illustrated in FIG. 2. In a first step 602,
CBM data and gating windows for the CBM data is acquired.
In some embodiments, the CBM data includes PET data. The
gating windows may be recorded simultaneously with the
CBM data acquisition and/or determined subsequent to the
data acquisition through histogramming of the CBM data. In
asecond step 604, a CBM normalization matrix is calculated.
The CBM normalization matrix calculation includes the gat-
ing windows recorded in the first step 602. FIG. 7 illustrates
one embodiment of a method 700 for calculating the CBM
normalization matrix. After the CBM normalization matrix is
calculated in the second step 604, image reconstruction is
performed in a third step 606. The image reconstruction is
performed using the normalization matrix calculated in the
second step 604.

FIG. 7 illustrates one embodiment of a method 700 for
calculating a CBM normalization matrix. In a first step 702,
the gantry 416 is shifted a predetermined distance, Az, rela-
tive to the patient bed 418. Although the method 700 is
described in conjunction with a moveable gantry 416, it will
be recognized that in some embodiments the gantry 416 is
stationary and the patient bed 418 is moved relative to the
gantry 416. Furthermore, it will be recognized that one or
more stationary images may be obtained by the gantry 416
prior to the first step 702. In a second step 704, a time window
is calculated for the corresponding space shift, Az, of the
gantry 416. The calculation may be performed, for example,
according to the equation:
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Zm

-5

.
Z =Zstart

Az Az Az

=sta:

The intersections of the gating windows with the time
windows are calculated in a third step 706 and summed
together in a fourth step 708. In some embodiments, the
intersections are calculated according to the equation:

nl
Z & MNin
=

In a fifth step 710, an expanded scanner efficiency is gener-
ated. The expanded scanner efficiency is multiplied with the
summed intersections of the gating windows and time win-
dows to generate a weighted scanner efficiency in a sixth step
712. In a seventh step 714, the weighted scanner efficiency is
summed to generate a CBM virtual scanner efficiency. After
the virtual CBM scanner efficiency is calculated, a CBM
normalization matrix entry is generated in a ninth step 718.
For example, in some embodiments, the CBM normalization
matrix entry is generated according to the equation:

N(P.O.Z ctomZstarsZ end) =V €ctm (PO Z com ZstaroZend)

In an eighth step 716, the method 700 checks if the gantry 416
has reached an end point. If the gantry 416 has not reached an
end point, the method 700 returns to the first step 702 and
calculates subsequent CBM normalization matrix entries
until the gantry 416 reaches an end point. Although the steps
of the method 700 are discussed as discrete steps 702-718, it
will be appreciated that one or more of the steps 702-718 can
be combined into a single step.

In some embodiments, gating signals comprise respiratory
gating signals, for example, as illustrated in FIG. 3B. The
gating signals are used to reconstruct an area of a scan includ-
ing a movement profile during data collection. For example,
in some embodiments a CBM PET whole body scan is per-
formed on a patient. FIG. 8A illustrates one embodiment of a
static reconstructed image 800a generated using 100% of
counts in a set of CBM data generated during the CBM scan.
As can be seen in FIG. 8A, the static reconstructed image
800q has a blurred, elongated tumor 8024 shown in a lung.
The tumor 8024 is blurred because of respiratory motion
during data acquisition. In contrast, FIG. 8B illustrates one
embodiment of a gated reconstructed image 8005. The gated
reconstructed image was generated according to the methods
disclosed herein. The gated reconstructed image 8005 utilizes
35% of the total counts in the set of CBM data. The gated
sinogram 8005 is nosier than the static sinogram 8004, but the
tumor 8025 is clearer, as the gated reconstruction 8005 accu-
rately compensates for the respiratory motion in the virtual
LORs of the CBM data. FIG. 8C illustrates one embodiment
of axial line profiles 810a, 8105 for the static sinogram 800«
and the gated sinogram 8004, respectively. The axial line
profiles 810a, 8105 are for a 5 pixel width 812 running
through the tumor 802. As shown in FIG. 8C, while the axial
line profiles of the static reconstruction 810a and the gated
reconstruction 8105 substantially agree in the area 814 of the
tumor 802, the tumor 8025 is better delineated in the gated
reconstruction 8105 than in the static reconstruction 810a.

FIG. 9 is an architecture diagram of a computer 900 that
may be used in some embodiments, e.g., for implementing
computer 230 shown in FIG. 2. Computer system 900 may
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include one or more processors 902. Each processor 902 is
connected to a communication infrastructure 906 (e.g., a
communications bus, cross-over bar, or network). Computer
system 900 may include a display interface 922 that forwards
graphics, text, and other data from the communication infra-
structure 906 (or from a frame buffer, not shown) for display
on the display unit 924 to a user.

Computer system 900 may also include a main memory
904, such as a random access memory (RAM), and a second-
ary memory 908. The main memory 904 and/or the secondary
memory 908 comprise non-transitory memory. The second-
ary memory 908 may include, for example, a hard disk drive
(HDD) 910 and/or removable storage drive 912, which may
represent a floppy disk drive, a magnetic tape drive, an optical
disk drive, a memory stick, or the like as is known in the art.
The removable storage drive 912 reads from and/or writes to
a removable storage unit 916. Removable storage unit 916
may be a floppy disk, magnetic tape, optical disk, or the like.
As will be understood, the removable storage unit 916 may
include a computer readable storage medium having tangibly
stored therein (embodied thereon) data and/or computer soft-
ware instructions, e.g., for causing the processor(s) to per-
form various operations.

In alternative embodiments, secondary memory 908 may
include other similar devices for allowing computer programs
or other instructions to be loaded into computer system 900.
Secondary memory 908 may include a removable storage unit
918 and a corresponding removable storage interface 914,
which may be similar to removable storage drive 912, with its
own removable storage unit 916. Examples of such remov-
able storage units include, but are not limited to, USB or flash
drives, which allow software and data to be transferred from
the removable storage unit 916, 918 to computer system 900.

Computer system 900 may also include a communications
interface (e.g., networking interface) 920. Communications
interface 920 allows software and data to be transferred
between computer system 900 and external devices.
Examples of communications interface 920 may include a
modem, Ethernet card, wireless network card, a Personal
Computer Memory Card International Association (PCM-
CIA) slot and card, or the like. Software and data transferred
via communications interface 920 may be in the form of
signals, which may be electronic, electromagnetic, optical, or
the like that are capable of being received by communications
interface 920. These signals may be provided to communica-
tions interface 920 via a communications path (e.g., channel),
which may be implemented using wire, cable, fiber optics, a
telephone line, a cellular link, a radio frequency (RF) link and
other communication channels.

It is understood by those familiar with the art that tech-
niques described herein may be implemented in hardware,
firmware, or software encoded (e.g., as instructions execut-
able by a processor) on a non-transitory computer-readable
storage medium.

The apparatuses and processes are not limited to the spe-
cific embodiments described herein. In addition, components
of'each apparatus and each process can be practiced indepen-
dent and separate from other components and processes
described herein.

The previous description of embodiments is provided to
enable any person skilled in the art to practice the disclosure.
The various modifications to these embodiments will be
readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodi-
ments without the use of inventive faculty. The present dis-
closure is not intended to be limited to the embodiments
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shown herein, but is to be accorded the widest scope consis-
tent with the principles and novel features disclosed herein.

What is claimed is:

1. A method for processing data for medical imaging, the
method comprising:

obtaining a set of continuous bed motion (CBM) data from

a first imaging modality, wherein the set of CBM data
includes a plurality of gating signals;

calculating a CBM normalization matrix using the plural-

ity of gating signals; and

reconstructing an image from the CBM data and the CBM

normalization matrix,

wherein calculating the CBM normalization matrix com-

prises:

calculating a plurality of time windows;

calculating a plurality of intersections between the plural-

ity of gating signals and the plurality of time windows;
calculating a weighted scanner efficiency using the plural-
ity of intersections;

calculating a CBM efficiency by summing the weighted

scanner efficiency; and

generating a CBM normalization matrix value from the

CBM efficiency.

2. The method of claim 1, wherein calculating the weighted
scanner norm comprises:

summing the plurality of intersections; and

multiplying the sum of the plurality of intersections and an

expanded scanner norm.

3. The method of claim 1, wherein generating the CBM
normalization matrix value comprises taking the inverse of
the CBM efficiency.

4. The method of claim 1, wherein the plurality of time
windows, t_, are calculated according to the equation:

s Ymo

Az Az Az

=sta:

w3

=
Z =Zstart

where z,, is a current bed position in the CBM data, 7, ,,, is an
initial bed position in the CBM data, and v(z) is a speed of a
bed in the CBM data.

5. The method of claim 1, wherein the plurality of inter-
sections are calculated according to the equation:

nl
Z & MNin
=0

where g, is a gating window and t,, is a timing window.

6. The method of claim 5, wherein each of the plurality of
intersections has a relationship between g, and t,, selected
from:

8e 15, 8s <Is, 8¢ <I¢
8e = 8ss Is < 850 8e <Ie
Te = 8so Is < &s» Ie < &e
Lo —1Is, &5 <Is; e < &e

where g is a starting position of the gating window g, g is an
end position of the gating window g, t. is a starting position of
the timing window t,,, and t, is an end position of the timing
window t,,,.
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7. The method of claim 1, wherein the normalization
matrix, N, is calculated according to the equation:

NP9 .Z ot ZstarsZ end) =V € cbm( PO Z comZ staroZend)

where 7, 1s a current bed position in the CBM data, 7., ,,, 1s an
initial bed position in the CBM data, z,,,, is a final bed posi-
tion in the CBM data, €_,,,, is the efficiency of a virtual line of
response in the CBM data.

8. The method of claim 7, wherein the efficiency of the
virtual line of response is calculated according to the equa-
tion:

Ecom 0 0, Zebm > Zstarts Zend) =

Zend. "

In2
-osr
>an r(zm)]emw(p, 0, 20, Zn)e X O(zm + Zss Zom)
i=0

Zm=Zstart !

where €,_,..... 15 the efficiency of a real line of response
defined at position z,,

(2,47, 7..,,) Maps one or more real lines of response in
scanner space to one or more virtual lines of response in
CBM space, A is an isotope half-life and T is the time to
move from a position z,,,, to a position z,,,.

9. A non-transitory computer readable medium storing
instructions configured to cause a computer system to execute
the steps of:

obtaining a set of continuous bed motion (CBM) data
including a plurality of gating signals, wherein the set of
continuous bed motion data is obtained by a first imag-
ing modality of an imaging system;

calculating a CBM normalization matrix using the plural-
ity of gating signals; and

reconstructing an image from the CBM data and the CBM
normalization matrix,

wherein calculating the CBM normalization matrix com-
prises:

calculating a plurality of time windows;

calculating a plurality of intersections between the plural-
ity of gating signals and the plurality of time windows;

calculating a weighted scanner efficiency using the plural-
ity of intersections;

calculating a CBM efficiency by summing the weighted
scanner efficiency; and

generating a normalization matrix value by taking the
inverse of the CBM efficiency.

10. The non-transitory computer readable medium of claim

9, wherein calculating the weighted scanner efficiency com-
prises:

summing the plurality of intersections; and

multiplying the sum of the plurality of intersections and an
expanded scanner efficiency.

11. The non-transitory computer readable medium of claim

9, wherein the plurality of time windows, t,,, are calculated
according to the equation:

Zn an
Az Az Az
I;m = E —> E —_—t
, v(z') (@) v(zm)

Z =Zstart Z =zsart

where 7, 1s a current bed position in the CBM data, 7., ,,, 1s an
initial bed position in the CBM data, and v(z) is a speed of a
bed in the CBM data.
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12. The non-transitory computer readable medium of claim where €,_,..... 15 the efficiency of a real line of response
9, wherein the plurality of intersections are calculated accord- defined at position z,,,

ing to the equation: . .
3(Z,,+Z, Z,.p,) Maps one or more real lines of response in

scanner space to one or more virtual lines of response in
et CBM space, A is an isotope half-life, and T is the time to
Z &i (N in move from a position z,,,, to a position z,,,.
- 16. A system comprising:
where g, is a gating window and t,,,, is a timing window. a first imaging modality; and
13. The non-transitory computer readable medium of claim 10
12, wherein each of the plurality of intersections has a rela-
tionship between g, and t,, selected from:

a computer, wherein the computer is configured to execute
the steps of:

receiving a set of continuous bed motion (CBM) data
including a plurality of gating signals from the first

e " lsr 8s <2 8o <1y 15 imaging modality;
8e =851 ls < &> 8e <1¢
fe—8s, Is < g5, 1e < ge
fe— 15, g5 <Is, Ie < ge

calculating a CBM normalization matrix using the plu-
rality of gating signals; and
reconstructing an image from the CBM data and the
where g, is a starting position of the gating window g,, g_isan 20 CBM normalization matrix,
end position of the gating window g,, t, is a starting position of
the timing window t,,, and t, is an end position of the timing
window t,,.
14. The non-transitory computer readable medium of claim calculating a plurality of time windows;
12, wherein the normalization matrix, N, is calculated accord- 55
ing to the equation:

wherein calculating the CBM normalization matrix com-
prises:

calculating a plurality of intersections between the gating

signals and the time windows;

NPOZ ctmZstarsZ end) =V €ctm PO Z comd stareZend) . . . .
P o EtareZenc o0 et st e calculating a weighted scanner efficiency using the plural-

\g]gff\r/f:;acfm is the efficiency of a virtual line of response in the ity of intersections, wherein the weighted scanner effi-
a. ; . ]

15. The non-transitory computer readable medium of claim 30 01enc¥ 18 calculated.by. ) )

14, wherein the efficiency of the virtual line of response is summing the plurality of intersections; and

calculated according to the equation: multiplying the sum of the plurality of intersections and

an expanded scanner efficiency;
35 calculating a CBM efficiency by summing the weighted
scanner efficiency; and

Ectm (05 05 Zebms Tstarts Tend) =

&, n— . . . . .
[[Zi e t(m)] e sconmer(p 0, Zer 200)E™ LT 8z + 25, Zetm) generating a CBM normalization matrix value by taking
the inverse of the CBM efficiency.

= i=0
Zm=Istart
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